(19) 



(12) 



(43) Date of publication: 

23.07.1997 Bulletin 1997/30 

(21) Application number: 96118373.8 

(22) Date of filing: 15.11.1996 



Europaisches Patentamt 
European Patent Office 

Office europeen des brevets (1 1 ) EP 0 785 588 A2 

EUROPEAN PATENT APPLICATION 

(51) into. 6 : H01M 8/10, H01M4/88 



(84) Designated Contracting States: 


(72) Inventor: Kawahara, Tatsuya 


DE FR GB 


Toyota-shi, Aichi, 471 (JP) 


(30) Priority: 19.01.1996 JP 25989/96 


(74) Representative: KUHNEN, WACKER & PARTNER 


Alois-Steinecker-Strasse 22 


(71 ) Applicant: TOYOTA JIDOSHA KABUSHIKI 


85354 Freislng (DE) 


KAISHA 




Afchi-ken 471 (JP) 





CM 

< 

CO 
00 
LO 

in 
oo 

o 

LU 



(54) Method of manufacturing electrode or electrode-electrolyte membrane joint body for fuel cell 
and electrode for fuel cell 



(57) A paste-like ink is prepared by dissolving cam- 
phor in an alcoholic solvent and dispersing fine carbon 
particles with a catalyst carried thereon in the solvent 
(step S100). A sheet-like electrode-forming member is 
formed on an electrolyte membrane by screen printing 
the paste-like ink thus obtained (step S102). The elec- 
trode-forming member is dried at 80°C for one hour, in 
order to deposit camphor included in the electrode- 
forming member as a pore-forming agent (step S104). 
The electrode-forming member and the electrolyte 
membrane are joined with each other by hot pressing 
(step S106). The joint body of the electrode-forming 
member and the electrolyte membrane is dried under 
vacuum at 80°C for three hours, in order to sublimate 
and remove camphor depositing in the electrode-form- 
ing member (step S108). This gives an electricity-gen- 
erating layer that is a joint body of an electrode having a 
plurality of pores and the electrolyte membrane. The 
manufacturing process of the invention thus gives a joint 
body of an electrode having sufficient gas permeability 
and electrical conductivity and an electrolyte mem- 
brane. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 5 

The present invention relates to a method of manu- 
facturing an electrode or an electrode-electrolyte mem- 
brane joint body for a fuel cell as well as to an electrode 
for a fuel cell. More specifically, the present invention w 
pertains to a method of manufacturing an electrode for 
a fuel cell, which has a plurality of pores and includes 
carbon particles with a catalyst carried thereon, to a 
method of manufacturing an electrode-electrolyte mem- 
brane joint body for a fuel cell, which is obtained by join- is 
ing such an electrode with an electrolyte membrane 
composed of a polymer electrolyte, and to such an elec- 
trode for a fuel cell. 

2. Description of the Prior Art 20 

In fuel cells, such as polymer electrolyte fuel cells, 
supplies of a gaseous fuel containing hydrogen and an 
oxidizing gas containing oxygen are fed respectively to 
two electrodes (fuel electrode and oxygen electrode) 25 
which are arranged across an electrolyte membrane, so 
that reactions expressed as formulae (1) and (2) given 
below occur to directly convert the chemical energy to 
electrical energy: 

Anode reaction (fuel electrode): 30 

H2 ^2^+26 (1) 
Cathode reaction (oxygen electrode): 

35 

2H + + 2e" + (1V2)02 H 2 0 (2) 

In order to enable these reactions to proceed in a 
continuous and smooth manner, the fuel electrode 
requires continuous supplies of water and a gaseous 40 
fuel that allow the generated hydrogen ions to be 
smoothly diffused into the electrolyte membrane by 
hydration, while the oxygen electrode requires a contin- 
uous supply of an oxidizing gas as well as quick removal 
of generated water. Close contact of the electrolyte 45 
membrane with both the electrodes is further required 
to yield a fuel cell having a small contact resistance and 
a high efficiency. 

Several methods have been proposed to manufac- 
ture a joint body of an electrode and an electrolyte so 
membrane which satisfies the requirements discussed 
above (for example, JAPANESE PATENT LAYING- 
OPEN GAZETTE No. 6-203852). In accordance with a 
concrete procedure of the conventional method, a 
sheet-like electrode-forming member is prepared by ss 
mixing powder of a metal, such as zinc, aluminum, or 
chromium, or a metal salt (particle diameter: 20 urn) 
with carbon particles having a catalyst carried thereon. 
After the electrode-forming member thus obtained is 



joined with a polymer electrolyte membrane, the elec- 
trode-forming member is soaked in a highly acidic aque- 
ous solution, so that the metal or metal salt included in 
the electrode-forming member is dissolved and 
removed. This gives a joint body of an electrode having 
pores therein and an electrolyte membrane. 

The conventional method of manufacturing a joint 
body of an electrode and an electrolyte membrane dis- 
cussed above, however, has a problem, that is, metal 
ions dissolved in a highly acidic aqueous solution dete- 
riorate the performance of the electrolyte membrane. 
The powdery metal or metal salt included in the elec- 
trode-forming member as the pore-forming agent is 
expected to be dissolved in a highly acidic aqueous 
solution and thereby removed. Even a very small quan- 
tity of metal ions remaining in the electrolyte membrane, 
however, combine to functional groups in the electrolyte 
membrane and thus drastically deteriorate the perform- 
ance of the electrolyte membrane. 

Another problem arising in the conventional method 
of manufacturing a joint body of an electrode and an 
electrolyte membrane is that the powdery metal or 
metal salt included in the electrode-forming member as 
the pore-forming agent is locked in the electrode and 
may thus not be dissolved in a highly acidic aqueous 
solution. When the pore-forming agent is locked inside 
the electrode, the resulting electrode does not have a 
sufficient number or size of pores. This results in insuffi- 
cient permeation of a gaseous fuel or an oxidizing gas 
and insufficient supply and removal of water, thereby 
lowering the performance of the electrode. 

SUMMARY OF THE INVENTION 

One object of the present invention is thus to pro- 
vide a method of manufacturing an electrode for a fuel 
cell that has sufficient gas permeability and electrical 
conductivity. 

At least part of the above objects is realized by a 
first method of the present invention for manufacturing 
an electrode for a fuel cell. The first method of manufac- 
turing an electrode for a fuel cell, the electrode having a 
plurality of pores and comprising carbon particles with a 
catalyst carried thereon, the first method comprising the 
steps of: (a) preparing an electrode-forming member 
comprising the carbon particles and a pore-forming 
agent that can be sublimed; and (b) subliming the pore- 
forming agent by setting the electrode-forming member 
under a predetermined condition. 

The first method of the present invention for manu- 
facturing an electrode for a fuel cell gives an electrode 
having a plurality of pores and sufficient gas permeabil- 
ity and electrical conductivity. The electrode-forming 
member is placed under a predetermined condition with 
a view to sublimating the pore-forming agent. This effec- 
tively prevents metals ions from remaining and lowering 
the performance of the electrolyte membrane and the 
pore-forming agent from being locked inside the elec- 
trode. 



2 



3 



EP0 785 588 A2 



4 



In accordance with one aspect of the present inven- 
tion, the step (a) of the first method further comprises 
the steps of: (a1) dissolving the pore-forming agent into 
a solvent that allows dissolution of the pore-forming 
agent and dispersing the carbon particles in the solvent, 5 
so as to prepare a solution for forming a paste-like elec- 
trode; (a2) forming the solution prepared in the step (a1 ) 
into a predetermined shape of the electrode-forming 
member; and (a3) depositing the pore-forming agent 
dissolved in the solution formed into the predetermined w 
shape in the step (a2). This structure enables the pore- 
forming agent to be uniformly present in the electrode- 
forming member, thereby allowing pores to be uniformly 
formed in the electrode. This further improves the per- 
formance of the electrode. The pore-forming agent gen- 15 
erally deposits to have a needle-like or plate-like shape, 
which does not cause a space greater than that 
required for permeation of a gas in the electrode. In 
accordance with one aspect of this structure, the step 
(a3) further comprises the step of drying the solution 20 
formed into the predetermined shape, so as to make 
concentration of the pore-forming agent in the solution 
equal to or higher than its solubility, thereby allowing 
deposition of the pore-forming agent. In accordance 
with another aspect of this structure, the steps (a1) and 25 
(a2) are carried out at a predetermined temperature that 
allows solubility of the pore-forming agent in the solvent 
to be equal to or higher than a predetermined level. The 
solubility of the pore-forming agent in the solvent can be 
set to a desired level. The porosity of the electrode (that 30 
is, the ratio of pores) can thus be freely controlled by 
adjusting the amount of the pore-forming agent dis- 
solved in the solvent 

The present invention is also directed to a second 
method of the present invention for manufacturing an 35 
electrode for a fuel cell. The second method of manu- 
facturing an electrode for a fuel cell, the electrode hav- 
ing a plurality of pores and comprising carbon particles 
with a catalyst carried thereon, the method comprising 
the steps of: (a) dispersing the carbon particles in a sol- 40 
vent that can be freeze-dried, so as to prepare a solu- 
tion for forming a paste-like electrode; (b) forming the 
solution prepared in the step (a) into a predetermined 
shape of the electrode; and (c) freeze-drying the solvent 
of the solution formed into the predetermined shape in 45 
the step (b) under a specified condition. 

The second method of the present invention for 
manufacturing an electrode for a fuel cell gives an elec- 
trode having a plurality of pores and sufficient gas per- 
meability and electrical conductivity. The plurality of so 
pores are formed in the electrode by freeze-drying the 
solvent This method accordingly does not require any 
specific pore-forming agent. This effectively prevents 
metals ions from remaining and lowering the perform- 
ance of the electrolyte membrane and the pore-forming ss 
agent from being locked inside the electrode. 

Other objects of the present invention are to enable 
an electrolyte membrane to maintain its high perform- 
ance and to provide an efficient method of manufactur- 



ing a joint body of an electrode and such an electrolyte 
membrane. 

At least part of the objects is realized by a first 
method of the present invention for manufacturing an 
electrode-electrolyte membrane joint body for a fuel 
cell. The first method of manufacturing an electrode- 
electrolyte membrane joint body for a fuel cell, the elec- 
trode-electrolyte membrane joint body being obtained 
by joining an electrode having a plurality of pores and 
comprising carbon particles with a catalyst carried ther- 
eon with an electrolyte membrane mainly composed of 
a polymer electrolyte, the method comprising the steps 
of: (a) preparing an electrode-forming member compris- 
ing the carbon particles and a pore-forming agent that 
sublimes under a specified condition; (b) joining the 
electrode-forming member prepared in the step (a) with 
the electrolyte membrane under a certain condition 
other than the specified condition to yield a joint body; 
and (c) subliming the pore-forming agent by setting the 
joint body of the electrode-forming member and the 
electrolyte membrane under the specified condition. 

The first method of the present invention for manu- 
facturing an electrode-electrolyte membrane joint body 
for a fuel cell gives a joint body of an electrolyte mem- 
brane and an electrode having a plurality of pores and 
sufficient gas permeability and electrical conductivity. 
The electrode-forming member and the electrolyte 
membrane are joined with each other prior to the subli- 
mation of the pore-forming agent, so that the pores 
formed in the electrode are not destroyed by the joining 
process. The joint body of the electrode-forming mem- 
ber and the electrolyte membrane is placed under a pre- 
determined condition with a view to sublimating the 
pore-forming agent. This effectively prevents metals 
ions from remaining and lowering the performance of 
the electrolyte membrane and the pore-forming agent 
from being locked inside the electrode. 

In accordance with one aspect of the first method 
for manufacturing an electrode-electrolyte membrane 
joint body, the step (a) further comprises the steps of: 
(a1) dissolving the pore-forming agent into a solvent 
that allows dissolution of the pore-forming agent and 
dispersing the carbon particles in the solvent so as to 
prepare a solution for forming a paste-like electrode; 
(a2) forming the solution prepared in the step (a1) into a 
predetermined shape of the electrode-forming member; 
and (a3) depositing the pore-forming agent dissolved in 
the solution formed into the predetermined shape in the 
step (a2). This structure enables the pore-forming agent 
to be uniformly present in the electrode-forming mem- 
ber, thereby allowing pores to be uniformly formed in the 
electrode. This further improves the performance of the 
electrode. The pore-forming agent generally deposits to 
have a needle-like or plate-like shape, which does not 
cause a space greater than that required for permeation 
of a gas in the electrode. 

In accordance with one aspect of this structure, the 
step (a3) further comprises the step of drying the solu- 
tion formed into the predetermined shape, so as to 
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make concentration of the pore-forming agent in the 
solution equal to or higher than its solubility, thereby 
allowing deposition of the pore-forming agent In 
accordance with another aspect of this structure, the 
steps (a1) and (a2) are carried out at a predetermined 5 
temperature that allows solubility of the pore-forming 
agent in the solvent to be equal to or higher than a pre- 
determined level. The solubility of the pore-forming 
agent in the solvent can be set to a desired level. The 
porosity of the electrode can thus be freely controlled by w 
adjusting the amount of the pore-fbrming agent dis- 
solved in the solvent. 

The present invention is further directed to a sec- 
ond method of manufacturing an electrode-electrolyte 
membrane joint body for a fuel cell. The second method is 
of manufacturing an electrode-electrolyte membrane 
joint body for a fuel cell, the electrode-electrolyte mem- 
brane joint body being obtained by joining an electrode 
having a plurality of pores and comprising carbon parti- 
cles with a catalyst carried thereon with an electrolyte 20 
membrane mainly composed of a polymer electrolyte, 
the method comprising the steps of: (a) dispersing the 
carbon particles in a solvent that can be freeze-dried, so 
as to prepare a solution for forming a paste-like elec- 
trode; (b) forming the solution prepared in the step (a) 2s 
into a predetermined shape of the electrode on the elec- 
trolyte membrane; and (c) freeze-drying the solvent by 
setting the solution formed into the predetermined 
shape in the step (b) under a specified condition. 

The second method of the present invention for 30 
manufacturing an electrode-electrolyte membrane joint 
body for a fuel cell gives a joint body of an electrolyte 
membrane and an electrode having a plurality of pores 
and sufficient gas permeability and electrical conductiv- 
ity. The plurality of pores are formed in the electrode by 35 
freeze-drying the solvent. This method accordingly 
does not require any specific pore-forming agent. This 
effectively prevents metals ions from remaining and low- 
ering the performance of the electrolyte membrane and 
the pore-forming agent from being locked inside the 40 
electrode. 

Still another object of the present invention is to 
provide an electrode for a fuel cell that has sufficient gas 
permeability and electrical conductivity. 

At least part of the above objects is realized by an 45 
electrode for a fuel cell. The electrode of the present 
invention comprising carbon particles with a catalyst 
carried thereon and a space of three-dimensional diver- 
sified structure that is made of a plurality of pores hav- 
ing various diameters. so 

The electrode of the present invention has a space 
of three-dimensional diversified structure that is made 
of a plurality of pores having various diameters. This 
structure improves the gas permeability and electrical 
conductivity. 55 

In accordance with one aspect of the present inven- 
tion, the pores formed in the electrode have diameters 
ranging from 0.02 to 0.3 urn. The pores of small diame- 
ters further improve the gas permeability and electrical 



conductivity. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a flowchart showing a typical routine of 
manufacturing an electricity-generating layer 10 
that is a joint body of an electrolyte membrane 12 
and a catalyst electrode 14 and embodies the 
present invention; 

Fig. 2 schematically illustrates structure of the elec- 
tricity-generating layer 10 manufactured according 
to the routine of Fig. 1; 

Fig. 3 schematically illustrates structure of a fuel 
cell 15 including the electricity-generating layer 10 
of the embodiment; 

Fig. 4 is a graph showing the relationship between 
the current density and the output voltage in the fuel 
cell 15 of the embodiment and conventional fuel 
cells; 

Fig. 5 is an enlarged view schematically illustrating 
structure of an electricity-generating layer included 
in a conventional fuel cell; 
Fig. 6 is a flowchart showing a typical routine of 
manufacturing an electricity-generating layer 50 
that is a joint body of an electrolyte membrane 52 
and a catalyst electrode 54 as a second embodi- 
ment according to the present invention; 
Fig. 7 schematically illustrates structure of the elec- 
tricity-generating layer 50 manufactured according 
to the routine of Fig. 6; and 
Fig. 8 shows structure of a pore S formed in the cat- 
alyst electrode 54 of the second embodiment. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

The following describes best modes of carrying out 
the present invention as preferred embodiments. Fig. 1 
is a flowchart showing a typical routine of manufacturing 
an electricity-generating layer 10 that is a joint body of 
an electrolyte membrane 12 and a catalyst electrode 14 
and embodies the present invention. Fig. 2 schemati- 
cally illustrates structure of the electricity-generating 
layer 10 manufactured according to the routine of Fig. 1 . 
The concrete steps of manufacturing the electricity-gen- 
erating layer 1 0 will be described first based on the flow- 
chart of Fig. 1. 

When the program enters the manufacturing rou- 
tine of the electricity-generating layer 10. a paste-like 
ink is prepared first at step S100 by dissolving a pore- 
forming agent F or a subliming substance that sublimes 
under a predetermiried condition in a solvent, simulta- 
neously with dispersing catalyst-carrying carbon C in 
the solvent. In this embodiment, a paste-like ink was 
prepared by mixing 1 g of the catalyst-carrying carbon C 
(mean particle diameter: approximately 20 nm) that car- 
ries 20 percent by weight of fine particles (mean particle 
diameter: approximately 1 nm) of platinum or an alloy of 
platinum and another metal as a catalyst P with 3 ml of 
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5 percent by weight of an electrolytic solution N (for 
example, Naphion Solution by Aldrich Chemical Corp.), 
5 ml of an alcoholic solvent (such as ethanol or isopro- 
pyl alcohol), and 2 g of camphor as the pore-forming 
agent F, and applying ultrasonic waves so as to make 
camphor completely dissolved into the solvent and the 
catalyst-carrying carbon C homogeneously dispersed. 
The amount of addition of the pore-forming agent F 
depends upon its solubility into the solvent as well as 
the strength, gas permeability, and electrical conductiv- 
ity of the catalyst electrode 14 of the electricity-generat- 
ing layer 10 manufactured. In this embodiment, 
ultrasonic waves having the frequency of 30 to 50 kHz 
and emitted by a commercially available ultrasonic 
cleaner were applied for the dissolution and dispersion. 

At subsequent step S102, a sheet-like electrode- 
forming member is formed on the electrolyte membrane 
1 2 by screen printing the paste-like ink thus obtained. In 
accordance with a concrete procedure, the paste-like 
ink was screen printed on the electrolyte membrane 1 2, 
so that a sheet-like electrode-forming member of 5 to 
500 urn thick or more preferably of 10 to 300 um thick 
(100 urn thick in this embodiment) was formed on the 
electrolyte membrane 12. The electrolyte membrane 12 
was an ion-exchange membrane of 25 to 200 urn thick 
or more preferably of 50 to 150 urn thick that was mainly 
composed of a f luororesin. For example, a pert luorocar- 
bon sulfonate polymer membrane, such as one com- 
mercially available under the trade name of 'Naphion' 
manufactured by du Pont, was applied for the electrolyte 
membrane 12. 

The pore-forming agent F included in the sheet-like 
electrode-forming member and dissolved in the solvent 
is separated out at step S104. The deposition of the 
pore-forming agent F is implemented by evaporating the 
solvent so as to make the concentration of the pore- 
forming agent F in the solvent equal to or greater than 
its solubility, or alternatively by varying the temperature 
of the electrode-forming member so as to vary the solu- 
bility of the pore-forming agent F in the solvent The 
number and size of crystals of the depositing pore-form- 
ing agent F are varied with a change rate of the state of 
the solvent (such as evaporation of the solvent or a var- 
iation in temperature). The change rate of the state of 
the solvent is determined according to the gas permea- 
bility and electrical conductivity of the catalyst electrode 
1 4 manufactured. A slow change of the state of the sol- 
vent results in depositing a less number of but relatively 
large crystals, whereas an abrupt change gives a large 
number of small crystals. The size of pores S formed in 
the catalyst electrode 14 is accordingly adjusted by reg- 
ulating the change rate of the state of the solvent. In this 
embodiment, the electrode-forming member was dried 
at ordinary temperature for two hours with a view to 
evaporating the alcoholic solvent, so that camphor used 
as the pore-forming agent F was deposited in the elec- 
trode-forming member. The depositing pore-forming 
agent F generally has a needle-like or plate-like shape. 

After the deposition of the pore-forming agent F, the 



electrolyte membrane 12 is joined with the electrode- 
forming member at step S106. The hot pressing proc- 
ess including heating and pressurizing steps is gener- 
ally applied to join the electrolyte membrane 12 with the 

5 electrode-forming member. The temperature and the 
pressure in the hot pressing process should be deter- 
mined in order to enable the pore-forming agent F to be 
stable and maintain the solid state. In this embodiment, 
the electrolyte membrane 12 was joined with the elec- 

7 0 trode-forming member by pressing them five minutes 
under the conditions of 125°C and 5 MPa, which enable 
camphor to be stable and maintain the solid state. 

The joint body of the electrolyte membrane 12 and 
the electrode-forming member is held under a predeter- 

75 mined condition, so as to sublimate the pore-forming 
agent F at step S108. This completes the production of 
the electricity-generating layer 10 including the elec- 
trode-forming member as the catalyst electrode 14 hav- 
ing a plurality of pores S. The predetermined condition 

20 should sublimate the pore-forming agent F, while not 
causing physical or chemical variations in the other con- 
stituents of the electrode-forming member or the elec- 
trolyte membrane 1 2. In this embodiment, the joint body 
of the electrolyte membrane 12 and the electrode-form- 

25 ing member was dried under vacuum for three hours at 
the temperature of 80°C, which are the conditions of 
sublimating camphor while not varying the electrolyte 
membrane 12 and the other constituents. This process 
thoroughly sublimated and removed camphor, which 

30 was used as the pore-forming agent F, from the elec- 
trode-forming member and completed the production of 
the electricity-generating layer 10. The electricity-gener- 
ating layer 10 thus manufactured is a joint body of the 
catalyst electrode 14 having a plurality of needle-like or 

35 plate-like pores S and the electrolyte membrane 12 hav- 
. ing the favorable performance substantially unchanged. 
The following describes a fuel cell 1 5 prepared from 
the electricity-generating layer 10 manufactured in the 
above manner. Fig. 3 schematically illustrates structure 

40 of the fuel cell 15 including the electricity-generating 
layer 10 of the embodiment. Referring to Fig. 3, the fuel 
cell 1 5 includes the electricity-generating layer 1 0 that is 
manufactured according to the above routine and repre- 
sents the joint body of one electrolyte membrane 1 2 and 

45 two catalyst electrodes 14, two gas diffusion electrodes 
16 arranged across the electricity-generating layer 10. 
and two current-collecting electrodes 20, each of which 
is disposed opposite to the electricity-generating layer 
10 across the gas diffusion electrode 16. 

so The two gas diffusion electrodes 16 are practically 
made of carbon cloth, which is woven of yarns including 
carbon fibers coated with polytetrafluoroethylene and 
non-treated carbon ffoers at the ratio of 1 to 1. The 
water repellency of polytetrafluoroethylene coating the 

as carbon fbers effectively prevents the whole surface of 
the gas diffusion electrode 16 from being covered with 
water, so that the gas diffusion electrode 1 6 has favora- 
ble gas permeability. 

The current-collecting electrodes 20 are mainly 



5 



9 



EP0785 588A2 



10 



made of dense carbon which is prepared by compress- 
ing carbon and has gas impermeability. A plurality of 
ribs 22 arranged in parallel are formed on one surface of 
each current-collecting electrode 20 that is in contact 
with the gas diffusion electrode 16. The ribs 22 and the 
gas diffusion electrodes 16 define a plurality of flow 
paths 24 for an oxidizing gas (such as the air) containing 
oxygen and for a gaseous fuel (such as a methanol- 
reforming gas) containing hydrogen. 

In the fuel cell 15 thus constructed, supplies of a 
gaseous fuel and an oxidizing gas into the flow paths 24 
that are defined by the two gas diffusion electrodes 16 
and the current-collecting electrodes 20 arranged 
across the electricity-generating layer 10 and the gas 
diffusion electrodes 16 are fed to the two catalyst elec- 
trodes 14 which are disposed across the electrolyte 
membrane 12. The electrochemical reactions 
expressed as the reaction formulae (1) and (2) dis- 
cussed above accordingly proceed to directly convert 
the chemical energy to electrical energy. 

The performance of the fuel cell 15 of the embodi- 
ment constructed in the above manner is compared with 
those of conventional fuel cells. Rg. 4 is a graph show- 
ing the relationship between the current density and the 
output voltage in the fuel cell 15 of the embodiment and 
conventional fuel cells. Fig. 5 schematically illustrates 
structure of a catalyst electrode included in a conven- 
tional fuel cell. In the graph of Fig. 4, a curve A repre- 
sents the relationship between the current density and 
the voltage in the fuel cell 15 including the electricity- 
generating layer 10 of the embodiment, a curve E the 
relationship between the current density and the voltage 
in one conventional fuel cell including an electricity-gen- 
erating layer that is prepared by joining a pore-free cat- 
alyst electrode (not shown) with an electrolyte 
membrane (hereinafter referred to as Reference 1), and 
a curve F the relationship between the current density 
and the voltage in another conventional fuel cell includ- 
ing an electricity-generating layer 1 0F (see Rg. 5) that is 
prepared by joining the electrolyte membrane 12 with a 
catalyst electrode 14F having pores SF formed by a 
granular pore-forming agent of a metal salt (hereinafter 
referred to as Reference 2). The other curves B through 
D will be discussed later. 

Although not being illustrated, the catalyst elec- 
trode of the electricity-generating layer included in Ref- 
erence 1 does not have any pores but includes catalyst- 
carrying carbon C in a densely packed condition. Com- 
pared with the catalyst electrode 14 of the electricity- 
generating layer 10 included in the fuel cell 15 of the 
embodiment, the catalyst electrode of Reference 1 has 
lower gas permeability and higher electrical conductiv- 
ity. Trie graph of Fig. 4 clearly shows the comparison of 
performance between Reference 1 and the fuel cell 15 
of the embodiment. Both fuel cells have comparable 
performances in a range of tow current density that has 
little effect of the gas permeability but relatively severe 
effect of the electrical conductivity of the catalyst elec- 
trode. In a range of high current density that is signifi- 



cantly affected by the gas permeability, on the other 
hand, the fuel cell 15 of the embodiment has remarkably 
better performance than that of Reference 1 . 

The catalyst electrode 14F of the electricity-gener- 

s ating layer 10F included in Reference 2 is prepared by 
mixing 1 g of catalyst-carrying carbon C with 500 mg of 
calcium carbonate powder (mean particle diameter: 1 
urn) to yield an electrode-forming member, joining the 
electrode-forming member with the electrolyte mem- 

w brane 1 2 under the conditions identical with those of the 
embodiment, and eluting calcium carbonate included in 
the electrode-forming member with a highly acidic 
aqueous solution. Since granular calcium carbonate is 
used as the pore-forming agent, the pores SF existing in 

is the catalyst electrode 14F are formed by connecting 
substantially spherical voids of 1 pm in mean diameter 
with one another via connection holes of smaller diame- 
ter as shown in Fig. 5. The gas permeability of the cata- 
lyst electrode generally depends upon the diameter of 

20 pores. The gas permeability of the catalyst electrode 
1 4F accordingly depends upon the diameter of the con- 
nection holes that connect the voids with one another. In 
order to ensure the sufficient gas pormeability, a space 
greater than that actually required should be formed 

25 inside the catalyst electrode 14F. This undesirably nar- 
rows the conductive area of the catalyst electrode 14F 
to tower its electrical conductivity and makes the cata- 
lyst electrode 14F relatively brittle. The pores S existing 
in the catalyst electrode 14 of the fuel cell 15 of the 

30 errtoodiment are, on the other hand, formed by deposi- 
tion of the pore-forming agent F and have a needle-like 
or plate-like shape. No space greater than that actually 
required is thus formed for the sufficient gas permeabil- 
ity. This means that the pores S have sufficient perform- 

35 ance for permeation of the gas. As shown in Rg. 4, 
although Reference 2 has better performance than Ref- 
erence 1 in the range of high current density having the 
severer effect of the gas permeability, it does not at all 
reach the performance level of the fuel cell 15 of the 

40 embodiment. 

The above discussion clearly proves that the differ- 
ence in performance between the fuel cell 15 of the 
embodiment and References 1 and 2 is ascribed to the 
difference in performance of the electricity-generating 

45 layer 1 0 or more specifically the catalyst electrode 1 4 of 
the fuel cell 15. 

As discussed above, the manufacturing process of 
the embodiment gives the electricity-generating layer 1 0 
that is the joint body of the catalyst electrode having the 

so sufficient gas permeability and electrical conductivity 
and the electrolyte membrane having the favorable per- 
formance substantially unchanged. Deposition of the 
pore-forming agent F dissolved in the solvent enables 
uniform pores S of needle-like or plate-like shape to be 

55 formed in the catalyst electrode 1 4. After the deposition 
of the pore-forming agent F, the electrolyte membrane 
12 and the electrode-forming member are joined with 
each other under the conditions that keep the pore- 
forming agent F stable and in the solid state. This fur- 
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ther decreases the contact resistance of the electrolyte 
membrane 12 against the catalyst electrode 14. The 
pores S are then formed by sublimating and removing 
the pore-forming agent F from the electrode-forming 
member. This effectively prevents deterioration of the 
performance of the electrolyte membrane 12 due to 
metal ions, which are generated in the conventional 
process using a pore-forming agent composed of a 
metal or metal salt. This allows the performance of the 
electrolyte membrane 12 to be favorably kept at a high 
level. 

Although camphor is used as the pore-forming 
agent F in the manufacturing process of the embodi- 
ment discussed above, any other chemicals that can be 
dissolved in a solvent and have lower vapor pressures 
than that of the solvent may also be applicable. Exam- 
ples of applicable chemicals include naphthalene, a- 
naphthol, para-dichlorobenzene, catechol, 2,5-xylenol. 
2,3-xylenol. 3,5-xylenol. and 1 ,2,4,5-tetramethylben- 
zene. Note that the conditions of depositing the pore- 
forming agent F (step S104), the conditions of joining 
the electrolyte membrane 12 with the electrode-forming 
member by the hot pressing method (step S106), and 
the conditions of sublimating the pore-forming agent F 
(step S108) in the manufacturing process of Fig. 1 are 
varied with the properties of the chemical selected for 
and used as the pore-forming agent F. In some chemi- 
cals used as the pore-forming agent F, there may be no 
adequate conditions of joining the electrolyte mem- 
brane 12 with the electrode-forming member by the hot 
pressing method (step S106) in the manufacturing proc- 
ess. In such cases, the electrolyte membrane 12 may 
not be joined with the electrode-forming member. Even 
in case that the electrolyte membrane 12 is not joined 
with the electrode-forming member, the electrode-form- 
ing member is formed on the electrolyte membrane 12 
by screen printing, so that the electrolyte membrane 12 
and the catalyst electrode 14 are gently connected to 
each other. A concrete example using naphthalene as 
the pore-forming agent F is described below. 

In case that naphthalene is used for the pore-form- 
ing agent F, the conditions of depositing the pore-form- 
ing agent F (step S104) in the manufacturing process 
are identical with those of the above embodiment using 
camphor as the pore-forming agent R Since naphtha- 
lene readily sublimes, no adequate conditions can be 
found for the process of joining the electrolyte mem- 
brane 12 with the electrode-forming member by the hot 
pressing method (step S106). The electrolyte mem- 
brane 12 is accordingly not joined with the electrode- 
forming member by the hot pressing method when 
naphthalene is selected as the pore-forming agent F. 
Since naphthalene readily sublimes, no evacuation is 
required for the sublimation of the pore-forming agent F 
(step S108), but the electrolyte membrane 12 and the 
electrode-forming member are dried under the atmos- 
pheric pressure at 80°C for one hour. A curve B in the 
graph of Fig. 4 represents the performance (relationship 
between the current density and the voltage) of a fuel 



cell including an electricity-generating layer manufac- 
tured with naphthalene as the pore-forming agent F, in 
place of the electricity-generating layer 10 of the above 
embodiment. Referring to Fig. 4, compared with the fuel 
5 cell 15 of the embodiment (curve A), the fuel cell includ- 
ing the electricity-generating layer manufactured with 
naphthalene as the pore-forming agent F shows deteri- 
orating performance due to an increase in contact 
resistance. This is ascribed to the fact that the electro- 
de lyte membrane 1 2 is not joined with the electrode-form- 
ing member by the hot pressing method. Compared 
with References 1 and 2, however, the fuel cell of curve 
B shows remarkably better performance in the range of 
high current density with the severer effect of the gas 
is permeability. The manufacturing process of the electric- 
ity-generating layer can be simplified by using a chemi- 
cal that readily sublimes under the atmospheric 
pressure, such as naphthalene, as the pore-forming 
agent F. 

20 In the manufacturing process of the embodiment 
shown in Rg. 1. preparation of ink by dissolving the 
pore-forming agent F and dispersing the catalyst-carry- 
ing carbon C (step S100) and formation of the elec- 
trode-forming member on the electrolyte membrane 12 

25 (step S1 02) are carried out at room temperature. These 
steps may, however, be implemented at a predeter- 
mined temperature. The solubility of the pore-forming 
agent F into the solvent is significantly affected by the 
temperature of the solvent. Adequate adjustment of the 

30 temperature enables a certain amount of the pore-form- 
ing agent F which can not be dissolved at room temper- 
ature to be dissolved into a predetermined amount of 
the solvent. This allows the amount of addition of the 
pore-forming agent F to be regulated in a wider range, 

35 thereby enabling the porosity of the catalyst electrode 
14 included in the electricity-generating layer 10 manu- 
factured to be freely controlled. By way of example, the 
regulated temperature of 60°C allows 6 g of camphor 
(pore-forming agent F) which can not be dissolved at 

40 room temperature to be dissolved in 5 ml of the solvent 
discussed above. In this case, a greater amount of the 
pore-forming agent F deposits, so that the joint body of 
the electrolyte membrane 12 and the electrode-forming 
member is dried at 80°C for five hours (step S108) in 

45 order to ensure complete sublimation of the pore-form- 
ing agent F. 

A curve C in the graph of Rg. 4 represents the per- 
formance (relationship between the current density and 
the voltage) of a fuel cell including an electric'rty-gener- 

so ating layer thus manufactured, in place of the electricity- 
generating layer 10 of the above embodiment. Referring 
to Fig. 4. compared with the fuel cell 15 of the embodi- 
ment (curve A), the fuel cell including the electricity- 
generating layer manufactured by dissolving 6 g of cam- 

55 phor as the pore-forming agent F shows some improve- 
ment in performance. The solubility of the pore-forming 
agent F into the solvent can be varied by adjusting the 
temperature conditions adopted for the preparation of 
ink by dissolving the pore-forming agent F and dispers- 
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ing the catalyst-carrying carbon C (step S100) and the 
formation of the electrode-forming member on the elec- 
trolyte membrane 12 (step S102) in the manufacturing 
process. The amount of addition of the pore-forming 
agent F can thus be set freely in the range of solubility. 5 
This enables the porosity of the catalyst electrode 14 
included in the electricity-generating layer 10 thus man- 
ufactured to be controlled arbitrarily. 

In the manufacturing process of the embodiment 
shown in Fig. 1, the sheet-like electrode-forming mem- 10 
ber is formed on the electrolyte membrane 12 at step 
S102. In accordance with an alternative procedure, the 
electrode-forming member may not be formed on the 
electrolyte membrane 12. An electrode-forming mem- 
ber is formed on a flat and peelable substance, and the is 
solvent included in the electrode-forming member is 
evaporated to allow deposition of the pore-forming 
agent F. Production of a catalyst electrode is then com- 
pleted by sublimating the depositing pore-forming agent 
F. In this case, the above steps are not included in the 20 
manufacturing process of the electricity-generating 
layer but constitute the manufacturing process of the 
catalyst electrode. The modified manufacturing process 
of the electricity-generating layer, wherein the prepara- 
tion of ink by dissolving the pore-forming agent F and 25 
dispersing the catalyst-carrying carbon C (step S100) 
and the formation of the electrode-forming member on 
the electrolyte membrane 1 2 (step S1 02) are carried out 
at a predetermined temperature, is also applicable to 
the manufacturing process of the catalyst electrode. 30 

The following describes the manufacturing process 
of an electricity-generating layer 10 as a second 
embodiment according to the present invention. Fig. 6 is 
a flowchart showing a typical routine of manufacturing 
the electricity-generating layer 50 of the second embod- 35 
iment that is a joint body of an electrolyte membrane 52 
and a catalyst electrode 54. Fig. 7 schematically illus- 
trates structure of the electricity-generating layer 50 
manufactured according to the routine of Fig. 6. 

When the program enters the routine of manufac- 40 
turing the electricity-generating layer 50, a paste-like ink 
is prepared first at step S200 by dispersing catalyst-car- 
rying carbon C in a solvent. In the second ernbocfiment, 
a paste-like ink was prepared by mixing 1 g of catalyst- 
carrying carbon C with 3 ml of 5 percent by weight of an 45 
electrolytic solution N and 7 ml of cyclohexanol as a sol- 
vent and applying ultrasonic waves so as to make the 
catalyst-carrying carbon C homogeneously dispersed. 
The catalyst-carrying carbon C and the electrolytic solu- 
tion N used in the second embodiment are identical with so 
the catalyst-carrying carbon C and the electrolytic solu- 
tion N discussed in the first embodiment, whereas the 
ultrasonic waves applied in the second embodiment are 
identical with those of the first embodiment. 

At subsequent step S202, a sheet-like electrode- 55 
forming member is formed on the electrolyte membrane 
52 by screen printing the paste-like ink thus obtained. 
The electrolyte membrane 52 of the second embodi- 
ment is composed of the same material as that of the 



electrolyte membrane 12 of the first embodiment. The 
electrode-forming member on the electrolyte membrane 
52 is then dried at ordinary temperature for one hour at 
step S204. This drying process controls the quantity of 
the solvent remaining in the electrode-forming member 
in a subsequent process of freeze-drying the electrode- 
forming member discussed later. The drying time is var- 
ied with the quantity of the solvent used for the prepara- 
tion of the ink. In case that the quantity of the solvent 
used for the preparation of the ink coincides with the 
quantity of the sofvent favorably remaining in the proc- 
ess of freeze-drying the electrode-forming member, the 
processing of step S204, that is, the drying process at 
ordinary temperature, is not required. 

After the adjustment of the quantity of the solvent 
remaining in the electrode-forming member, the elec- 
trode-forming member on the electrolyte membrane 52 
is placed at a low temperature, which allows freeze of 
the solvent, and the solvent is then dried under vacuum 
at step S206. This completes the production of the elec- 
tricity-generating layer 50 including the electrode-form- 
ing member as the catalyst electrode 54 with a plurality 
of pores S. Freezing the solvent enables the solvent in 
the electrode-forming member to act as a pore-forming 
agent, and drying the solvent under reduced pressure 
sublimates the frozen solvent In the second embodi- 
ment, the electrode-forming member formed on the 
electrolyte membrane 52 was placed in a freeze-dryer, 
and the solvent (cyclohexanol) in the electrode-forming 
member was frozen at -30°C. The freeze-dryer was 
evacuated with a vacuum pump, and the frozen sofvent 
was accordingly vaporized and removed. This gave the 
electricity-generating layer 50 including the electrode- 
forming member as the catalyst electrode 54 with a plu- 
rality of pores S. Since the solvent is frozen by abrupt 
cooling, the pores S thus formed in the catalyst elec- 
trode 54 have an extremely small size (0.02 to 0.3 \im in 
diameter). The shape of the pores S corresponds to the 
shape of the sofvent that occupies in the frozen ink. As 
illustrated in Fig. 8, each pore S has a three-dimen- 
sional diversified structure having various diameters. 
The diameter and the porosity of the pores S in the cat- 
alyst electrode 54 are determined according to the 
quantity of the solvent remaining in the electrode-form- 
ing member immediately before the freeze-drying proc- 
ess and the degree of dispersion of the catalyst- 
carrying carbon C. The diameter and the porosity of the 
pores S of the catalyst electrode 54 can thus be control- 
led to desirable values by regulating the degree of dis- 
persion of the catalyst-carrying carbon C and adjusting 
the quantity of the solvent remaining in the electrode- 
forming member in the process of preparing the ink at 
step S200 or in the drying process at ordinary tempera- 
ture at step S204. The temperature of freezing the sol- 
vent and the degree of evacuation should be 
determined depending upon the properties of the sol- 
vent used. 

A curve D in the graph of Fig. 4 represents the per- 
formance (relationship between the current density and 
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the voltage) of a fuel cell including the electricity-gener- 
ating layer 50 of the second embodiment thus prepared 
and having the structure shown in Fig. 3. Referring to 
Fig. 4, the fuel cell including the electricity-generating 
layer 50 of the second embodiment has the perform- 
ance equivalent to or better than that of the fuel cell 15 
including the electricity-generating layer 10 of the first 
embodiment. Compared with Reference 1 (curve E) and 
Reference 2 (curve F), the fuel cell of the second 
embodiment shows a remarkable improvement in per- 
formance. 

In the electricity-generating layer 50 of the second 
embodiment discussed above, the catalyst electrode 54 
includes pores S having an extremely small size (diam- 
eter) and a three-dimensional diversified structure. The 
catalyst electrode 54 accordingly has sufficient gas per- 
meability and electrical conductivity, thereby improving 
the performance of the resulting fuel cell. 

The manufacturing process of the second embodi- 
ment gives the electricity-generating layer 50 that is a 
joint body of the catalyst electrode having the sufficient 
gas permeability and electrical conductivity and the 
electrolyte membrane having the preferable perform- 
ance substantially unchanged. The pores S are formed 
in the catalyst electrode 54 by freeze-drying the solvent, 
and no specific pore-forming agent is thus required in 
the second embodiment Abrupt cooling to freeze-dry 
the solvent enables the pores S having an extremely 
small size (diameter) and a three-dimensional diversi- 
fied structure to be formed in the catalyst electrode 54. 
Manufacture of the catalyst electrode 54 by freeze-dry- 
ing the solvent allows the pores S to be formed uni- 
formly in the whole catalyst electrode 54. 

Although cyclohexanol is used as the solvent in the 
manufacturing process of the second embodiment, any 
other solvent that disperses the catalyst-carrying car- 
bon C and can be freeze-dried, for example, the alco- 
holic solvent discussed above, may also be applicable. 

In the manufacturing process of the second embod- 
iment shown in Fig. 6, the sheet-like electrode-forming 
member is formed on the electrolyte membrane 52 at 
step S202. The electrode-forming member may, how- 
ever, not be formed on the electrolyte membrane 52. In 
this case, the catalyst electrode is formed instead of the 
electricity-generating layer. In accordance with a con- 
crete procedure, an electrode-forming member is 
formed on a flat and peelable substance. After the 
quantity of the solvent remaining in the electrode-form- 
ing member is adjusted, the electrode-forming member 
is placed at a low temperature, which allows freeze of 
the solvent. The solvent is then dried under reduced 
pressure, so as to complete the catalyst electrode. 

The present invention is not restricted to the above 
embodiments or applications, but there may be many 
modifications, changes, and alterations without depart- 
ing from the scope and the spirit of the main character- 
istics of the present invention. It should be clearly 
understood that the embodiments discussed above are 
only illustrative and not restrictive in any sense. The 



scope and spirit of the present invention are limited only 
by the terms of the appended claims. 

Claims 

5 

1. A method of manufacturing an electrode for a fuel 
cell, said electrode having a plurality of pores and 
comprising carbon particles with a catalyst carried 
thereon, said method comprising the steps of: 

10 

(a) preparing an electrode-forming member 
comprising said carbon particles and a pore- 
forming agent that can be sublimed; and 

(b) subliming said pore-forming agent by set- 
15 ting said electrode-forming member under a 

predetermined condition. 

2. A method in accordance with claim 1 , wherein said 
step (a) further comprises the steps of: 

20 

(a1) dissolving said pore-forming agent into a 
solvent that allows dissolution of said pore- 
forming agent and dispersing said carbon par- 
ticles in the solvent, so as to prepare a solution 

25 for formi ng a paste-like electrode; 

(a2) forming the solution prepared in said step 
(a1) into a predetermined shape of said elec- 
trode-forming member; and 
(a3) depositing said pore-forming agent dis- 

30 solved in the solution formed into the predeter- 

mined shape in said step (a2). 

3. A method in accordance with claim 2, wherein said 
step (a3) further comprises the step of: 

35 

drying the solution formed into the predeter- 
mined shape, so as to make concentration of 
said pore-forming agent in the solution equal to 
or higher than its solubility, thereby allowing 
40 deposition of said pore-forming agent 

4. A method in accordance with claim 2 or 3, wherein 
said steps (a1) and (a2) are carried out at a prede- 
termined temperature that allows solubility of said 

45 pore-forming agent in the solvent to be equal to or 
higher than a predetermined level. 

5. A method of manufacturing an electrode for a fuel 
cell, said electrode having a plurality of pores and 

so comprising carbon particles with a catalyst carried 
thereon, said method comprising the steps of: 

(a) dispersing said carbon particles in a solvent 
that can be freeze-dried, so as to prepare a 

55 solution for forming a paste-like electrode; 

(b) forming the solution prepared in said step 
(a) into a predetermined shape of said elec- 
trode; and 

(c) freeze<lrying the solvent of the solution 
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formed into the predetermined shape in said 
step (b) under a specified condition. 

6. A method of manufacturing an electrode-electrolyte 
membrane joint body for a fuel cell, said electrode- s 
electrolyte membrane joint body being obtained by 
joining an electrode having a plurality of pores and 
comprising carbon particles with a catalyst carried 
thereon with an electrolyte membrane mainly com- 
posed of a polymer electrolyte, said method com- 10 
prising the steps of: 

(a) preparing an electrode-forming member 
comprising said carbon particles and a pore- 
forming agent that sublimes under a specified is 
condition; 

(b) joining said electrode-forming member pre- 
pared in said step (a) with said electrolyte 
membrane under a certain condition other than 
the specified condition to yield a joint body; and 20 

(c) subliming said pore-forming agent by set- 
ting said joint body of said electrode-forming 
member and said electrolyte membrane under 
the specified condition. 

25 

7. A method in accordance with claim 6, wherein said 
step (a) further comprises the steps of: 

(a1) dissolving said pore-forming agent into a 
solvent that allows dissolution of said pore- 30 
forming agent and dispersing said carbon par- 
tides in the solvent, so as to prepare a solution 
for forming a paste-like electrode; 
(a2) forming the solution prepared in said step 
(a1) into a predetermined shape of said elec- 35 
trode-forming member; and 
(a3) depositing said pore-forming agent dis- 
solved in the solution formed into the predeter- 
mined shape in said step (a2). 

40 

8. A method in accordance with claim 7, wherein said 
step (a3) further comprises the step of: 



comprising carbon particles with a catalyst carried 
thereon with an electrolyte membrane mainly com- 
posed of a polymer electrolyte, said method com- 
prising the steps of: 

(a) dispersing said carbon particles in a solvent 
that can be freeze-dried, so as to prepare a 
solution for forming a paste-like electrode; 

(b) forming the solution prepared in said step 
(a) into a predetermined shape of said elec- 
trode on said electrolyte membrane; and 

(c) freeze-drying the solvent by setting the 
solution formed into the predetermined shape 
in said step (b) under a specified condition. 

11. An electrode for a fuel cell, said electrode compris- 
ing carbon particles with a catalyst carried thereon 
and a space of three-dimensional diversified struc- 
ture that is made of a plurality of pores having vari- 
ous diameters. 

12. An electrode in accordance with claim 11, wherein 
said pores have diameters ranging from 0.02 to 0.3 
jim. 



drying the solution formed into the predeter- 
mined shape, so as to make concentration of 45 
said pore-forming agent in the solution equal to 
or higher than its solubility, thereby allowing 
deposition of said pore-forming agent. 

9. A method in accordance with claim 7 or 8 f wherein 50 
said steps (a1 ) and (a2) are carried out at a prede- 
termined temperature that allows solubility of said 
pore-forming agent in the solvent to be equal to or 
higher than a predetermined level. 

55 

1 0. A method of manufacturing an electrode-electrolyte 
membrane joint body for a fuel cell, said electrode- 
electrolyte membrane joint body being obtained by 
joining an electrode having a plurality of pores and 
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